Abstract Morphometrical studies were carried out on the dental material of Democricetodon from the CalatayudMontalbán Basin. Principal component analyses were incorporated into the analyses to reduce the number of metrical and morphological variables. Morphological variability was studied as the morphological distribution of character states, based on multivariate statistics, and plotted against time. The results of these analyses indicate that increased dental size is significantly correlated to the dental morphological value in the two Democricetodon lineages studied. We found that the rates of change in variables are not linear and that periods of higher rates can be correlated with global climatic changes. In addition, morphological variability is significantly correlated with relative abundances of the studied taxa. High morphological variability, as a proxy of niche breadth, may result from increased intraspecific interferences or from the relaxation of interspecific interactions caused by a decrease in primary productivity.
Introduction
One of the main advantages to working on fossil small mammals is the large number of available specimens and localities. An example of this kind of record is the Calatayud-Montalbán Basin where Dr. Albert van der Meulen developed an intense and fruitful research program.
Studies in the Calatayud-Montalbán Basin were initiated by a Dutch team from Utrecht University which later became the core of the Utrecht School of Mammal Paleontology. Following the early campaigns of De Bruijn (1966 and Freudenthal (1963) , which focussed mainly on taxonomy and biostratigraphy, various research groups have taken advantage of the enormous fossiliferous potential of the basin to broaden the focus of interest to other palaeontological fields, such as palaeoecology and palaeoclimatology. It is within the framework of these latter two aspects of palaeontological research that the collaboration of Remmert Daams and Albert van der Meulen produced some of the most important papers in the field published during the 1980s and 1990s (e.g. Daams and Van der Meulen 1984 ; Van der Meulen and Daams 1992) . These publications established the foundation for many later studies in European small mammal palaeontology.
Many of the studies based on rodents from the CalatayudMontalbán Basin were possible because of the vast amount of data available. These data were the consequence of thorough and accurate descriptive work, including morphological variability represented by the samples (Álvarez Sierra 1987; Daams and Freudenthal 1988; Freudenthal and Daams 1988; López-Guerrero et al. 2008 , 2013 Oliver Pérez et al. 2008; Garcia-Paredes et al. 2009 Peláez-Campomanes 2013, 2014) . These data were originally used to conduct robust systematic studies of the different rodent groups, which in turn enabled the establishment of a robust systematic framework and important advances on community This article is a contribution to the special issue "Old worlds, new ideas. A tribute to Albert van der Meulen" ecology (Van der Meulen et al. 2005) and paleoclimatology (Van der Meulen and Daams 1992) . Most of the published palaeoecological works on the Calatayud-Montalbán Basin deal with community structure parameters, such as species richness and ecological diversity; little attention has been paid to dental morphological information and its ecological meaning.
We report here the first attempt to analyse dental morphological variability in rodents of the Calatayud-Montalbán Basin using multivariate methods. Our aim was to correlate the observed variability with ecological traits studied in population ecology, such as niche breadth.
Material and methods
The study material consists of Democricetodon material collected and described by Van der Meulen et al. (2003) from the Calatayud-Montalbán Basin. The material is housed at the Museo Nacional de Ciencias Naturales of Spain, Naturalis Biodiversity Center and the Utrecht University in The Netherlands (Van der Meulen et al. 2003 : table 1). Ages of the localities are after Van Dam et al. (2006 . The material included belongs to the two lineages of Democricetodon defined by Van der Meulen et al. (2003) : the lineage D. hispanicus-D. lacombai and the lineage D. franconicus-D. crusafonti.
Measurements used in our analyses are those published by Van der Meulen et al. (2003: tables 2-13) . These authors measured the length and width of each molar perpendicular to each other, following the methods of Daams and Freudenthal (1988) . Length represents the maximum length of the measured element, not only that of the occlusal surface. Width represents the maximum width.
For the morphological analyses we selected the upper second molar (M2) as our proxy for morphological variability because it is morphologically recognisable and the intermediate element and therefore not affected by edge effects. We prefer to use the M2 as the proxy because the morphological variability is distributed homogeneously in this tooth, whereas in the first and third molars most of their variability is expressed in the anterior or posterior half of the tooth. In order to have statistically representative values, we only used samples with at least ten M2.
The nomenclature used for dental structures is after Daams and Freudenthal (1988) . For this study we used the morphological character states (morphotypes) of three dental structures of the M2 (protolophule, mesoloph and metalophule) because these have more than two character states, as published by Van der Meulen et al. (2003) . Morphology values (MV) were calculated by Van der Meulen et al. (2003: tables, 17, 18, 22, 23) as follows: each specimen was assigned a value on the basis of its character state (e.g. for the mesoloph: long= 1, medium=2, short=3 and absent =4). The sum of the values (per trait, per assemblage) is divided by the number of observations, and the result is the MV. MV were only used in samples consisting of more than ten specimens.
Ordination techniques were used to have a single dental morphology value (DMV) per Democricetodon sample. We performed a principal component analysis (PCA) to ordinate the different Democricetodon samples based on MV calculated for the protolophule, mesoloph and metalophule. The first score was used as the value for morphological variability and to describe its pattern of changes through time.
To describe morphological variability we calculated the Shannon index (H) using the PAST statistical program, version 3 (Hammer et al. 2001) . The H index was calculated for each character of the M2 of each sample, but by using the frequency of each character state as if they were species frequencies (as in the original formula). The results of the analysis on each Democricetodon assemblage are three MV indexes for each of the morphological characters.
As with the morphological values, we performed a PCA to have a single morphological variability value per Democricetodon sample, based on the three diversity indices calculated. The first score was used as the value for morphological variability and to describe its pattern of changes through time.
We also calculated a size value (SV) based on the surface measurements (calculated as length × width) of the first and second upper and lower molars, as published by Van der Meulen et al. (2003) . We performed a PCA using these measurements as data. The scores of the first PC were used as a size variable and to describe patterns of changes through time.
Statistical treatment of the data was performed with IBM SPSS Statistics version 22 (IBM Corp. Release 2013).
Results and discussion
The calculated scores for each Democricetodon sample for size (SV), DMV and morphological variability (H) are listed in Table 1 . Table 2 shows the results of the PCA, including the eigenvalues, variance explained by each component and the loadings of each variable on the analysis. For the different analyses and comparisons, we used only the components with eigenvalues of >1.
For the proxy of dental size in Democricetodon, the first PC explains almost 99 % of the variance, and the contribution to the first PC of the four dental elements is positive and strong. Similar results are obtained for the DMV, where the first PC explains 77 % of the variance, and the three MVof the different characters all contribute positively and strongly to that component. Finally, the first PC of the MV (H) explains only 56 % of the calculated variance. For the other calculated proxies, the contribution of the three variables is positive for Both Democricetodon lineages show a strong size increase. However, the size increase is not regular, as previously observed by Van der Meulen et al. (2003) for individual measurements. This differential rate may result from environmental changes. There is a high rate of size change in the Democricetodon hispanicus-D. lacombai lineage during the early Miocene, and a second, more evident, high rate of increase in size between 15 and 14 Ma in both lineages. Although it is not clear which environmental change could be related with the former higher rate, the second rapid change in size could be linked to the strong drop in global temperatures characterising the Middle Miocene Climatic Transition (MMCT; Holbourn et al. 2007; Mourik et al. 2010) . The increase in size observed in the D. hispanicus-D. lacombai lineage correlates well with the size increase observed in the Megacricetodon bavaricus lineage from the German and Swiss Molasse (Abdul Aziz et al. 2008 Aziz et al. , 2010 Reichenbacher et al. 2013 ). The main difference between these two lineages is that studies on the latter show that the increase in size is gradual and linear, while in our case the assumption of linearity is proven false. In studying other cricetid species co-occurring with Democricetodon we observed that Megacricetodon primitivus does not show any significant increase in size during the early Miocene in the Calatayud-Montalbán Basin (Oliver and Peláez-Campomanes 2014) , which indicates that the size increase in each lineage responded in different ways to the same environmental factor.
A comparison of size increase through time and morphological change (using the DMV) observed in the M2 of the two Democricetodon lineages is shown in Fig. 1 . A number of notable differences were found between the two lineages. While the D. franconicus-D. crusafonti lineage shows a very similar distribution pattern between size and DMV, the D. hispanicus-D. lacombai lineage shows a different pattern for size and DMV. Size increase between 16.20 and 14.80 Ma can be considered to be close to linear in the D. hispanicus-D. lacombai lineage. In contrast, the pattern observed in the DMV shows a strong increase in its values around 15.75 Ma, indicating a rapid change in morphology. Size and DMV are significantly correlated in both lineages (Pearson's r=0.652, p<0.006 for D. hispanicus-D. lacombai lineage; r=0.940, p<0.0001 for the other lineage) and, therefore the rapid change in DMV around 15.75 Ma represents an unusual situation. One explanation for this rapid morphological change could be an expansion of the northern environments towards the Iberian Peninsula, as indicated by the entrance of northern immigrants. This corresponds to an increase in the species richness and the number of cricetid species present (Van der Meulen et al. 2005 Meulen et al. , 2011 Meulen et al. and 2012 and, consequently, to a possible increase in interspecific competition and the ecological displacement of the lineage to a slightly different niche, as can be inferred from the different dental morphology configuration indicated by the higher DMV. These results demonstrate just how these two Democricetodon lineages evolved during the Aragonian in the CalatayudMontalbán Basin, as well as the hypothesised causes of these changes. However, the enormous amount of morphological data available has made it possible to also investigate the variability of different morphological traits through time and attempt to relate these to niche breadth, an important ecological characteristic of populations.
Although the amplitude and the timing are different, the dental variability (DV) calculations in the two lineages through the Aragonian in the Calatayud-Montalbán Basin show similar patterns (Fig. 2) . The Democricetodon hispanicus-D. lacombai lineage shows a strong increase in DV, reaching its maximum variability around 16.2 Ma (local zone Cb of Van der Meulen et al. 2012 ) and remaining high up to approximately 15.85 (local zone Db), when it drops again. The Democricetodon franconicus-D. crusafonti lineage shows a similar pattern, but more than one million years later, and with a larger amplitude. The variability increases between 16 and 15 Ma (from Da to Dc), reaching its maximum variability during local zone Dd (between 14.8 and 14.1) of Van der Meulen et al. (2012) . During this period and around 14 Ma there are three maxima (peaks) on the variability curve (Fig. 2) , indicating some fluctuations in environmental conditions (as will be discussed below). Notably, Fig. 2 shows that there is a significant relationship between variability and relative abundances in both lineages (r=0.523, p<0.037 for the D. hispanicus-D. lacombai lineage and r=0.667, p <0.0001 for the D. franconicus-D. crusafonti lineage). The maxima of the variability and relative abundance curves in the two lineages coincide, despite relative abundance being on average higher in the D. franconicus-D. crusafonti lineage.
Two important questions arise from these results. First, how can this morphological variability be interpreted? Second, to what extent does the positive correlation between DVand relative abundance have a biological meaning? There is general agreement that dental morphology in mammals is directly related to food preferences and that small variations in morphological dental traits could be correlated with changing resources (Denys 1994; Evans et al. 2007 ). We go one step further and propose, as a working hypothesis, that the morphological DVof an assemblage could be correlated with variability in the resources used by the fossil population. We hypothesise that the variability shown by a fossil sample in terms of dental morphology represents, at least in part, the variability in the resource uses of the living population or successive populations represented by the fossil sample studied. Therefore, and as answer to our first question, we assume that the calculated DV is a useful proxy for niche breadth.
The second question can therefore be rewritten in a different way: are there biological explanations for the positive correlation between niche breadth and relative abundances? This is a difficult question that is related to resource partitioning, an aspect of ecology on which researchers have been working for decades. Such work has resulted in several ecological theories, such as the theory of island biogeography (MacArthur and Wilson 1967) and the resource-breadth hypothesis (Brown 1984) , as well as publications on interspecific and intraspecific density-dependent habitat selection in small mammals Lines The centered moving average with a span of five (Abramsky et al. 1990; Jorgensen 2004; Poindexter et al. 2012) .
The patterns shown in Fig. 2 can be interpreted as variation in the niche breadth of the two Democricetodon lineages through time. The maxima of DV indicate periods of maxima in niche breadth. According to the density-dependant habitat selection hypothesis of Rosenzweig (1991) , habitat range is dependent on species density due to strong intraspecific interactions. The increase in DV observed in our record can be interpreted as the result of an increase in population size. The only available variable in fossil associations that might have some relationship to species density is the relative abundance. Correlation between the DV and relative abundance may support this hypothesis. The correlation between H and relative abundance is significant even when the partial correlation is calculated between these two variables and the number of M2s is the control variable (r=0.591, p <0.008 for D. hispanicus-D. lacombai lineage; r=0.552, p <0.0001 for the D. franconicus-D. crusafonti lineage). The significance of the correlation indicates that differences in the sampling effort or preservation conditions in the studied sections are not a dependent factor. This correlation is an unexpected result since there are a large number of factors that can affect the distribution of specimens in a fossil association. Relative abundance represents the proportion of the number of specimens of the different species (in our case, calculated as the number of first and second upper and lower molars for each species) over the total number of specimens of the fossil assemblage (Daams et al. 1999c) . Most fossil associations of small mammals result from predator accumulation and subsequent filtering by the action of taphonomic processes (Andrews 1990) . Therefore, each fossil assemblage could represent a very different sample of the original community. The Calatayud-Montalbán record, provided by Daams et al. (1999a Daams et al. ( , 1999b and Van der Meulen et al. (2012) is, in general, quite homogeneous in terms of sedimentological conditions and has been sampled with the same excavation methodology, thereby considerably reducing differences among assemblages in taphonomical biases. To determine the existence of an increase of the species density we have to accept that relative abundance reasonably estimates relative density of the recorded taxa in the successive extinct communities. Although there is no easy manner to test this, a strong relationship between relative abundance and past density seems, in our opinion, not probable. Accordingly, the correlation between DVand relative abundance provides weak support for the density-dependant habitat selection hypothesis of Rosenzweig (1991) as the explanation for the observed variability patterns in the two Democricetodon lineages.
Each of the two lineages expresses its respective maximum of relative abundance in periods of strong climatic changes (Daams et al. 1999c ; Van der Meulen et al. 2005) , such as the pronounced decrease of temperatures that occurred approximately between 15 and 14 Ma (Holbourn et al. 2007 ). According to the species-energy theory of Wright (1983) , the decrease in primary productivity (caused by a decrease in temperature) reduces carrying capacity and therefore the number of species. In the Calatatud-Montalbán rodent record, a decrease in species richness is observed in the same periods with high DVs (Daams et al. 1999c) . Therefore, the increase in relative abundance could be explained by the decrease in the observed number of species instead of by the (less probable) increase in population density of the species. We interpret this correlation to be the result of ecological interaction within the extinct Democricetodon populations. The increase of niche breadth inferred based on an increase in morphological DV may be explained by either stronger intraspecific interactions caused by a decrease of productivity or the relaxation of interspecific interactions caused by a decrease in rodent species richness.
These results have to be considered with caution and, before our methods are applied to other fossil records, in-dept studies involving different Democricetodon records from other basins and other groups of taxa from the same basin are needed since, as demonstrated by Poindexter et al. (2012) , rodent species respond differently to various factors associated with habitat use.
Conclusions
The large number of rich successive assemblages of the genus Democricetodon from the Calatayud-Montalbán Basin allowed us to study the morphological variation present in two lineages that evolved in the area during the early and middle Miocene. We present a promising methodology, based on multivariate statistics, to analyse morphological variability and its evolutionary patterns through time. We demonstrate the utility of dental characters not only for taxonomical purposes but also to test palaeoecological hypotheses. The study of the distribution of character states allows researchers to determine the morphological evolutionary stage of an association as well as its morphological variability.
Multivariate ordination methods provide a new interpretive approach for simultaneously analysing the different morphological traits (relative proportion of each character state). This methodology has proven to be highly useful to analyse morphological distribution patterns through time. Successive correlation to the available environmental information can be used to assign biological meaning to the observed patterns. Thus, the distribution of the DMV through time in the two studied Democricetodon lineages indicates a probable character displacement in one of the lineages, most likely caused by an increase in interspecific competition, as inferred by the higher number of cricetid taxa recorded in the same period. In our study, morphological variation has been interpreted as a proxy for niche breadth, and observed evolutionary patterns of morphological variability can be interpreted in terms of changes in environmental conditions. Our analyses indicate that there is a significant correlation between morphological variability and relative abundances of successive samples. We found that changes in relative abundance of the two Democricetodon lineages were mainly driven by changes in the number of species and not due to a presumed increase of population density of the recorded species. The increase in niche breadth, inferred by the increase in morphological variability, has been correlated to periods of decreasing temperature and, therefore, changes in primary productivity. The decrease in productivity explains the increase in niche breadth by stronger intraspecific interactions that are related to a decrease in carrying capacity, the relaxation of interspecific interactions resulting from a lower number of rodent species, or a combination of both.
